ABSTRACT: The thermal performance of insulated steel plates in standard furnace tests is analyzed numerically. The effect of internal radiation heat transfer across the pores of the insulation layer is also estimated and included in the analysis. It transpires that for a fixed heating regime and substrate, the thermal performance of an insulation layer depends on three dimensionless heat transfer parameters corresponding to the furnace Biot number, the ratio of the thermal diffusion timescale in the insulation to the test duration, and the ratio of radiation heat flux to conduction heat flux across a pore. Furthermore, a method for characterizing the heat transfer environment within the furnace is also discussed.
INTRODUCTION
Furnace tests provide the basis for much of the certification of fire protection systems. In such tests a variety of structures are exposed to prescribed heating regimes and the temperature at a number of locations of the test specimen is monitored. Two heating regimes have particular significance, namely the cellulosic and hydrocarbon heating curves [1, 2] . These heating regimes are intended to represent the transient behavior of fires involving cellulosic fuels (such as wood or paper) and hydrocarbon fuels (such as petroleum). If t is time in s and T f is furnace temperature in K, then the cellulosic regime is given by:
T f ðtÞ ¼ 293 þ 345 log 10 ð1 þ 2t=15Þ ð 1Þ and the hydrocarbon regime by:
T f ðtÞ ¼ 293 þ 1080 1 À 0:325e À0:167t=60 À 0:675e
Intumescent coatings are one of the important forms of passive fire protection for steel. On exposure to heat, an intumescent coating softens and produces a gas that inflates the coating to produce a highly porous, low thermal conductivity char. Such coatings are frequently used to protect structural steel work in a large array of different building types. Although the details of specific intumescent reactions are complex, they all tend to involve common features. A typical composition involves four key components: an organic binder such as an epoxy or acrylic resin, a carbonific such as pentaerythritol, a spumific such as melamine, and an acid catalyst such as ammonium polyphosphate. Also the ultimate objective is the same, that is, the formation of a structurally stable highly porous char. Porous insulation layers have mixed properties with regard to thermal performance. Whilst the room temperature thermal conductivity will always be a reducing function of porosity, at elevated temperatures radiation across pores has the effect of increasing the total heat transfer rate through the char. Moreover, as will be demonstrated in the next section, the radiation heat flux is an increasing function of porosity (and pore size).
The thermal performance of an intumescent char is determined by its insulation qualities. If we were to imagine a static insulation layer with identical thermophysical properties to the fully formed intumescent char, then the best possible thermal performance of the char will be limited by the performance of the equivalent static insulation layer. In other words, if a static insulation layer with identical thermal properties to a fully formed intumescent char does not provide sufficient thermal performance for a given test regime, then there is no possibility that the intumescent char will perform better. Therefore, by analyzing the performance of static insulation layers we are able to obtain the upper limit of the thermal performance of intumescent coatings.
In this article, we explore the behavior of static insulation layers on steel panels in the hydrocarbon furnace test by directly solving the governing temperature equation numerically. There are already a number of models of intumescent behavior in the literature that account for (to some degree at least) the dynamic expansion process. The goal of this contribution is not to provide another intumescent model, but to give reliable upper bounds for the best possible performance of such systems. The choice of furnace heating regime is not important as far as the analysis is concerned and the hydrocarbon regime was selected for this work because it is the severest furnace test. First, the general heat transfer problem is analyzed and the important dimensionless variables are identified. Then, the heat transfer environment within the furnace is quantified. Finally, the analysis is concluded with a series of Numerical Analysis of Thermal Performance of Insulated Steel Plates numerical experiments exploring the thermal response of insulated steel panels. Other contributions have provided estimates of critical insulation thickness based on approximate analyses of the heat transfer problem, such as Silva [3] , or the recommendation in Eurocode 3 [4, 5] . The substrate temperature T s in Eurocode 3 is given by the expression:
where
is the section factor (which corresponds to 1=L s for a flat plate), Át is a time step (recommended not to exceed 30 s in Eurocode 3), and T f is the furnace temperature. Unfortunately, since T s ð0Þ ¼ T f ð0Þ and dT f =dtð0Þ40 for heating regimes such as the cellulosic and hydrocarbon curves, this expression suffers from the unphysical property that dT s =dt50 at t ¼ 0, which implies that the substrate temperature reduces initially.
Expressions like these must be used with caution as they rely on a number of assumptions that may be unsound. Furthermore, they take no account of internal radiation heat transfer across the pores of a porous insulation layer, which is included in the analysis below. By solving the governing equation for temperature directly, the approach presented here does not suffer from some of the possibly unphysical assumptions that are necessary in order to derive the simple expressions such as Equation (3).
HEAT TRANSFER ANALYSIS
Heat transfer through an insulated steel plate (or for that matter an insulated I-beam with high section factor) will be quasi-one-dimensional in a direction normal to the exposed surface. Let y denote distance in the normal direction from the unexposed face, let t denote time and let the duration of the furnace test be t final . Let the steel substrate occupy the region 0 y L s and let the insulation layer occupy the region
the temperature through the steel and insulation layers is given by the solution of:
& ð8Þ
ins = ins and a denotes thermal diffusivity. Physically t diff ,s and t diff ,ins correspond to temperature diffusion time scales in the steel substrate and insulation layer, respectively. Since the test specimen is exposed to both convection and radiation heat transfer within the furnace environment and may also lose heat through the unexposed face, the boundary conditions are:
ins are the exterior and interior Biot numbers respectively and f ¼ " f T 3 0 =h f is the furnace radiation heat transfer parameter. The initial condition is ðx,0Þ ¼ 1. In addition to these conditions there is also the continuity condition that both temperature and heat flux are continuous at x ¼ 1.
So in general we see that the temperature at the unexposed face at the end of the test is a function of the five dimensionless parameters t final =t diff , s , t diff , s =t diff , ins , 0 , f , and f and also the furnace heating curve T f ðtÞ. It transpires that the effective emissivity " f is a weak function of the emissivity of the exposed surface and a much stronger function of the emissivities of the furnace gases [6] and so to a good degree of approximation it may be regarded as essentially constant for a given test furnace. So for fixed heating conditions within and without the furnace and for fixed substrate properties, the temperature at the unexposed face of the substrate will be, to a good degree of approximation, a function of two parameters: the ratio of the diffusion timescales (or equivalently and more conveniently the ratio ins ¼ t diff , ins =t final ) and the furnace Biot number f .
Inevitably, highly insulating materials are extremely porous and this introduces a complication to the analysis. If the pore size is relatively small, then at elevated temperatures radiation across the pores contributes an additional heat flux to conduction that may be accounted for using a temperature-dependent correction to the thermal conductivity. It may be shown that the overall thermal conductivity including the radiation correction for small pores may be written approximately as [7, 8] 
Here ' is the porosity and " is a parameter (with dimensions of length) that may be thought of as an effective pore size for radiation heat transfer. It depends on local porosity, pore shape, emissivity of the interior surface of the pore and pore size. It is difficult to be precise about the exact dependence of " on the various physical variables (although expressions for certain situations may be found in the literatures [9] [10] [11] [12] ) but it is likely to be an increasing function of both porosity and pore size. The graph in Figure 1 conductivity measurements, obtained from the hot disk method, for a sample from the middle of a fully expanded intumescent char of high porosity. The best fit of Equation (11) to the experimental data suggests a value for the product " ' of 6.1 mm for this particular char. The photograph in Figure 2 shows a section through a typical expanded char, which suggests that both porosity and pore size vary through the char thickness. Heat transfer would mainly be in the direction from the top surface of the char downwards. Helium pycnometry measurements on typical expanded char samples indicate that porosity close to the steel substrate is in the range 0.92-0.96 (depending on the initial coating thickness) and at the exposed surface is approximately constant at 0.99. Since both porosity and pore size vary though the thickness of a typical expanded char, it is impossible to give a single value for the effective thermal conductivity of a real expanded char.
In dimensionless variables we have that:
Hence when radiation across the pores is included in the heat transfer model we see that the results will depend on an additional parameter R ¼ 4 " T 3 0 =k ins,0 , which corresponds to the ratio of radiation heat flux to conduction heat flux across a pore. 
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CHARACTERIZATION OF THE HEAT TRANSFER ENVIRONMENT
In order to make predictions about the behavior of test specimens exposed to prescribed heating regimes in a test furnace, it is necessary to characterize the heating environment. This may be achieved following a method published in an earlier paper [6] . A thin (5 mm thick) unprotected steel plate with thermocouples attached is subjected to the heating regime. If the plate is sufficiently thin, the temperature T s will be given by the solution of:
If T f approaches a constant value T f ,1 as t ! 1, the test sample will also approach a steady temperature given by setting the RHS of Equation (13) equal to 0. If we assume that the steady temperature achieved by the sample T s,1 is close to the final steady temperature of the furnace, then it follows that:
where ¼ h 0 =h f and 1 ¼ " f T 3 f ,1 =h f . If the radiation term is neglected, or at least conflated with the convection term, the solution of the temperature equation is:
For test curves of the form:
such as the hydrocarbon curve [2] , where 
and consequently may be estimated from Equation (14), which gives:
Once has been found, may be estimated by fitting Equation (17) to furnace test data.
The graph in Figure 3 shows the results of fitting this model to furnace data (for the hydrocarbon test curve (HTC)) for a 5 mm thick steel plate coated with high emissivity paint. The fitting procedure produced the following values for the convection HTCs:
2 /K. When radiation is not neglected, the only recourse is to seek numerical solutions of Equation (13), which may then be compared to actual plate temperatures and the values of h f , h 0 , and " f that give the best agreement may be found. This is conveniently achieved using a spreadsheet with in-built optimization functions such as the 'Solver' facility in MS-Excel. The graph in Figure 4 shows the results of fitting the full model to the same experimental data as Numerical Analysis of Thermal Performance of Insulated Steel Plates Figure 5 shows the radiative and convective contributions to the total heat flux received by the plate. In the initial period the convective heating dominates, but after approximately 10 min the radiation component becomes greater.
Once the heat transfer parameters have been found for the furnace, Equation (13) factor ¼ H p =A, where H p is the heated perimeter and A the crosssectional area) describes the behavior of unprotected I-beam sections of a range of section factors quite well [6] .
NUMERICAL EXPERIMENTS
We have seen that for a given furnace and a given heating regime, the effect of porous insulation on heat transfer to the substrate is characterized by three parameters: the ratio of the insulation diffusion time scale to the test duration ins ¼ t diff , ins =t final , the Biot number f ¼ h f L ins =k ins and the radiation-conduction ratio R ¼ 4 " T 3 0 =k ins,0 . Thus the effect of insulation may be quantified by plotting the substrate temperature at the end of the test T final as a function of ins and f for different values of R. This may be accomplished by solving the heat transfer problem given by Equations (7)- (10) with the thermal conductivity given by Equation (12) . The temperature equation is solved using standard finite difference methods with successive under relaxation in order to deal with the nonlinearity generated by the temperature-dependent coefficients.
The contour plots in Figure 6 show the marked effect that radiation enhancement has on the performance of an insulation layer. The plots show regions where the final substrate temperature T final (after 1 h) is greater than 823 K (5508C) 1 and regions where it is less than 823 K for different values of R. If the room-temperature thermal conductivity of the insulation is taken as 0.05 W/m/K and the porosity is 0.95, the R-values correspond to effective pore sizes " ¼ 5.1, 5.5, 7.4, 9.2 mm, respectively.
The graphs in Figure 7 show distributions of temperature and radiation heat flux fraction through an example insulation layer 60 mm thick with R ¼ 0.55. The radiation heat flux fraction corresponds to:
and represents the ratio of local radiation heat flux to total heat flux.
Here is the ratio of local temperature to ambient temperature. This figure shows that radiation heat flux across pores becomes increasingly dominant throughout the insulation layer as time progresses and is virtually always dominant at the exposed surface. If we consider the variation of insulation thickness L ins on the substrate temperature after 1 h, then we see that as insulation thickness varies, ð f , ins Þ values fall on the curves:
Hence for fixed insulation thermal inertia k ins ins c ins and fixed convection heat transfer coefficient h f , the effect of varying insulation thickness alone is to move along the dashed curves illustrated in Figure 8 (for the case R ¼ 0.8). Plots like this may be used to determine the effect of insulation thickness on thermal performance. For example, in Figure 8 we see that for k ins ins c ins =h 2 f t final ¼ 0:0001, for the given range of Bi, there is no thickness of insulation that will ensure that the substrate temperature will remain below 823 K.
The substrate temperature after 2 h is shown in Figure 9 . Again, the plots show regions where the final substrate temperature T final (after 2 h) is greater than 823 K (5508C) and regions where it is less than 823 K for different values of R. 
CONCLUSION
Analysis of the important heat transfer parameters for a fixed heating regime and substrate indicates that the thermal performance of a static insulation layer depends on three dimensionless parameters, namely f ¼ h f L ins =k ins , ins ¼ t diff , ins =t final , and R ¼ 4 " T 3 0 =k ins,0 , corresponding to the furnace Biot number, the ratio of thermal diffusion timescale to test duration and the ratio of radiation to conduction across a pore respectively. Plots of numerical solutions of the heat transfer problem show that internal radiation across pores has a dramatic effect on the thermal performance of a porous insulation layer. As porosity and pore size increase, so does internal radiation across a pore, resulting in a larger net heat flux than would occur by conduction alone. In fact, calculations suggest that at the exposed surface of the insulation, and throughout much of its thickness, internal radiation is the dominant heat transfer mechanism for highly porous insulation layers.
The heat transfer environment within the furnace depends on convection and radiation from the hot furnace gases and radiation from the furnace walls -a fact that is neglected in simple expressions for the substrate temperature of insulated systems such as in 
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